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This paper summarizes the  aerodynamic charac te r i s t ics  and s t a b i l i t y  
and control  of reentry vehicles operating i n  the  angle-of-attack range 
between 60° and 90'. 
operating i n  t h i s  high angle-of-attack range a r e  considered. A stable  
pitching-moment slope e x i s t s  f o r  the high angles of a t tack.  
lack of aerodynamic damping makes s t a b i l i t y  augmentation necessary. 
change i n  the blunt-face curvature both posi t ive and negative l i f t - cu rve  
slopes can be obtained. Control can be obtained by vane-type f l aps  
deflected t o  s h i f t  the centroid of area. The control effectiveness i s  
good and reasonably l i nea r  f o r  control deflections greater than 30' from 
the stream direct ion.  
aerodynamic character is t ics ,  which depend upon pressure forces on the 
f ron t  face, a r e  predictable and independent of Mach number. 
f e r  and flow f ie lds  a re  d i f f i c u l t  t o  predict  but some experimental data 
Both capsule shapes and winged-reentry-type vehicles 
However, a 
By 
It appears t ha t  a t  angles of a t tack  near goo the  
Heat t rans-  
are presented. A , / A  / 
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INTRODUCTION 
I y" 
e n t r i e s  i n t o  the atmosphere a t  s m a l l  entry angles from low- 
satell i te o rb i t s ,  blunt-faced nonl i f t ing vehicles o f f e r  advan- 
simplicity and minimum time of exposure t o  high heating condi- 
t i ons .  An example of t h i s  type of vehicle i s  the  Mercury capsule. A 
b a l l i s t i c  capsule, however, suffers  from lack of maneuverability. Modi- 
f i c a t i o n  of the capsule design t o  incorporate provision f o r  control of 
t he  angle of a t tack t o  produce l i f t  allows reduction of peak deceleration 
and provides the poss ib i l i ty  of control of the landing point.  
refs. 1 and 2 . )  
atmosphere i n  the range of angle of attack from 60° t o  90'. Some 
variable-geometry feature may be required t o  allow the  vehicle t o  p i t c h  
down t o  conventional angles of attack f o r  landing ( r e f .  3 ) .  The pres- 
en t  paper simmarizes the aerodynamic Characterist ics and s t a b i E t y  and 
control  of vehicles operating i n  this range. 
(See 
A winged vehicle may also be designed t o  enter the 
? i t l e ,  Unclassified. 
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SYMBOLS 
"0 speed of sound at stagnation condition 
drag coefficient CD 
lift coefficient CL 
c, pitching-moment coefficient 
dc, 
c% = da 
CX axial-force coefficient 
C chord 
C mean aerodynamic chord 
cP 
- 
specific heat of fluid at constant pressure 
h heat-transfer coefficient 
L/D lift-drag ratio 
M Mach number 
M,  variation of pitching moment with angle of attack (presented 
about centroid of area) 
Moo f ree-stream Mach number 
h Stanton number, - 
PVCp NSt 
P pressure on wing surface 
Y 
a 
t 
0 
maximum pressure ( a t  stagnation point)  PMAX 
J 
. 
9 dynamic pressure 
R Reynolds number; radius of disk 
S area 
U velocity a t  edge of boundary layer 
U1,U2,. . .Un spec i f ic  values of velocity U 
v ve loc i t y  
X 
U angle of a t tack 
r ad ia l  surface distance from center of disk ( f i g .  
r a t i o  of amplitude of angle of a t tack t o  i n i t i a l  amplitude U - 
uO 
6f control-flap def lect ion 
3 
P mass density 
DISCUSSION 
Aerodynamic Characterist ics 
The var ia t ions of l i f t ,  drag, and pitching-moment coef f ic ien ts  with 
angle of a t tack f o r  a typ ica l  delta-wing configuration over the  complete 
range of angle of a t tack fram Oo t o  90' are  shown i n  f igure  1. This 
figure indicates  the range of conditions with which t h i s  paper i s  con- 
cerned and shows the typ ica l  variations tha t  may be expected i n  t h i s  
range. 
t rends would be indicated at  other Mach numbers. The l i f t  reaches a 
maximum i n  the  neighborhood of 4 5 O  angle of a t tack  and decreases t o  0 
at close t o  90° angle of attack. The l i f t -curve slopes i n  the region 
considered i n  t h i s  paper, therefore, are negative. Simulator s tudies  
have shown that a p i l o t  i s  capable of controll ing a l i f t i n g  vehicle i n  
this region of negative l i f t -curve slope (refs. 4 and 5 ) .  A s  expected, 
the drag coeff ic ient  reaches i t s  maximum value at  90' angle of attack. 
Pitching moments are  herein presented about the centroid of area which 
produces a condition of t r i m  at  aa angle of a t tack  near 90'. For such 
a center-of -gravity location the  vehicle i s  usually unstable a t  low 
angles of attack; however, it should be noted that the  p i t c h i n g - m e n t  
coef f ic ien t  reaches a maximum and tha t  a negative or  s tab le  slope exists 
between about 60' and 90' angle of attack. 
These da ta  were obtained at a Mach number of 2, but similar 
4 
S t a t i c  Longitudinal S t a b i l i t y  Character is t ics  
Basic longitudinal da ta  on wings a t  an angle of a t tack of 90° are 
These r e s u l t s  were summarized i n  f igure 2 f o r  a var ie ty  of planforms. 
taken from references 6 t o  9 and from unpublished data. 
range from c i r cu la r  t o  a 7 5 O  sweptback delta. 
on the character is t ics  provided the  face i s  reasonably f lat .  
coeff ic ient  r i s e s  through the  transonic range and reaches a fairly con- 
s t a n t  value beyond a Mach number of 2. A t e s t  point i s  given a t  a Mach 
number of 6.8 and another from the  hot-shot tunnel of t h e  Arnold Engi-  
neering Development Center a t  a Mach number of 18. These points confirm 
the  fac t  that the  drag coeff ic ient  does not vary much at  hypersonic 
speeds. The l i f t -curve slope, when expressed per radian, may be shown 
t o  be equal t o  the negative of t he  drag coeff ic ient  plus the var ia t ion  
of axial-force coeff ic ient  with angle of attack. Contributions of t he  
axial-force coefficient,  however, are very s m a l l  f o r  f l a t  wings, gen- 
e r a l l y  l e s s  than 2 percent of the value of t he  drag coeff ic ient .  For 
th i s  reason the  approximate value of the l i f t -curve slope per radian 
may also be read from the  curve of drag coeff ic ient  by changing the 
sign. Values of s t a t i c  longitudinal s t a b i l i t y  Cm, f a l l  within the  
shaded region shown i n  f igure 2. Most of the s c a t t e r  i s  due t o  exper- 
imenta le r ror ,  because of t he  d i f f i c u l t y  of measuring s m a l l  pi tching 
moments when the  model i s  subjected t o  a large drag force.  I n  s p i t e  
of t h e  experimental sca t te r ,  however, the var ia t ion  of longitudinal 
s t a b i l i t y  with Mach number i s  shown t o  be much less than that usually 
experienced on conventional airplanes.  
These planforms 
Planform has l i t t l e  e f fec t  
The drag 
The aerodynamic charac te r i s t ics  shown i n  f igu re  1 a r e  l i t t l e  
affected by any design var ia t ion except t h a t  of varying the bluntcess 
o r  curvature of the face. Effects  of a wide var ia t ion i n  the face 
curvature are shown i n  f igure 3. T h i s  figure includes da ta  from a 
systematic s e r i e s  of capsule models t e s t e d  a t  a Mach number of 6.8 
and a number of winged vehicles. The value of s t a t i c  longitudinal 
s t a b i l i t y  % f i r s t  increases with increased face rounding, and then 
decreases. 
with respect t o  the break l i n e  a t  t he  edge of t h e  face. If t he  center 
of gravity were moved forward w i t h  increasing nose projection, t he  sta- 
b i l i t y  could be maintained. Increasing the  curvature of t h e  face first 
decreases the negative value and then produces a posi t ive value of 
l if t-curve slope. For capsules t h a t  a r e  intended t o  be uncontrolled, 
a l i f t -curve slope near zero may be desired t o  reduce dispersion. 
controllable devices, e i t h e r  the region of posi t ive o r  negative l i f t -  
curve slope m y  be of i n t e re s t .  The values of L/D obtainable i n  e i t h e r  
region of l i f t -curve slope a re  adequate f o r  control  of range and decel- 
eration. Data f o r  t h e  winged vehicles are too near t he  or ig in  t o  allow 
consistent determination 3f trends. These r e s u l t s  show, however, t h a t  
These data are f o r  a f ixed locat ion of the center  of gravi ty  
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s m a l l  amounts of curvature may be incorporated i n  the lower surface of 
a winged vehicle without g rea t ly  affect ing i t s  aerodynamic character- 
i s t i c s  at  angles of a t tack  near goo. 
S t a t i c  Lateral  S t a b i l i t y  Character is t ics  
La tera l  s t a b i l i t y  charac te r i s t ics  follow t h e  same t rends  as longi- 
t ud ina l  stability. The s ide force due t o  s ides l ip  corresponds t o  the  
l i f t  due t o  angle of attack, and the  r o l l i n g  moment due t o  s ides l ip  
corresponds t o  the pitching manent due t o  angle of a t tack.  
shown that these lateral s t a b i l i t y  der ivat ives  a re  approximately con- 
s t an t  i n  the  range of angle of a t tack from 60° t o  90°. 
Tests have 
I 
4 
Flow Fields  
+ 
e 
Predict ion of the  de ta i led  flow pa t te rns  on the  faces  of vehicles 
i n  the  range approaching an angle of a t tack  of goo i s  of i n t e r e s t  from 
the  standpoint of aerodynamic heating and load d is t r ibu t ion .  A tech- 
nique using small spots of o i l  on the face of the models has been u t i -  
l i z e d  t o  t r ace  the  flow pat terns  on several  configurations. Two such 
flow pa t te rns  are shown i n  f igure 4, and corresponding schl ieren pic- 
t u re s  of the flow are shown i n  figure 5 .  
Bertram and James C. Dunavant of the Langley Research Center, based on 
transformation of the known flow pa t te rn  on a c i r cu la r  disk,  has been 
used t o  predict  the streamlines a t  
agreement with experiment i n  the  prediction of streamlines and pressure 
contours. The basis of the theory is  shown i n  f igure  6(a) .  A c i r c l e  
i s  inscribed i n  the  planform, and three s e t s  of l i n e s  p a r a l l e l  t o  the 
edges of the planform are  drawn, w i t h  each set confined t o  the region 
between the  center of the c i r c l e  and the  corresponding edge. In  the  
regions where the  sets of l i n e s  do not overlap ( indicated by the  shaded 
areas  i n  f i g .  6 (a) ) ,  the  ve loc i t i e s  that would e x i s t  on a c i r cu la r  d i sk  
a t  any distance from the  center a r e  assumed t o  apply along each of t he  
p a r a l l e l  l i n e s  passing through th i s  point w i t h  t he  d i rec t ions  normal t o  
the edge of the planform. 
the  ve loc i ty  components associated with each set  of l i n e s  are combined 
vec to r i a l ly  t o  obtain the  resu l tan t  veloci ty  a t  each point. 
i t y  as a function of radius f o r  a c i rcu lar  disk i s  shown i n  f igure  6(b) .  
A theory proposed by Mitchel H. 
a = goo. This theory shows good 
In t h e  regions where the s e t s  of l i n e s  overlap, 
The veloc- 
A s  the  angle of a t t ack  changes from 90' t o  TO0 ( f i g .  5 ) ,  the  stag- 
na t ion  region moves rapidly forward from the  centroid of t he  planform 
t o  t h e  nose. Attempts are being made t o  pred ic t  the  flow a t  angles of 
a t t a c k  other than goo, but as yet  no good correlat ion w i t h  experiment 
has been obtained. 
The schl ieren pictures  of f igure 5 give an explanation of t he  
s t a t i c  longi tudinal  s t a b i l i t y  exhibited by f la t - faced  configurations. 
6 
,b 
Newtonian flow theory would predict  a constant pressure over the face 
a t  a given angle of a t tack  and, therefore,  no var ia t ion of pitching- 
moment coeff ic ient  with angle of a t tack  would be expected. Actually, 
however, the curvature of t he  shock ahead of t he  wing produces a var- 
i a t ion  i n  pressure coeff ic ient .  
m a l  shock than behind an oblique shock. A s  the  angle of a t tack decreases 
from Po t o  TO0, the  shock near the nose becomes normal t o  the  flow, 
whereas the shock incl inat ion near the t r a i l i n g  edge decreases. Cor- 
responding pressure changes on the face produce a s t ab le  var ia t ion  of 
pitching-moment coeff ic ient  with angle of a t tack.  
The pressure i s  greater  behind a nor- 
Heat Transfer 
Measurements of heat t ransfer  t o  the  face of a 7 5 O  delta-wing model 
These da ta  show the  var- a t  a Mach number of 9.6 a re  shown i n  f igure 7. 
i a t i on  of Stanton number with distance from the nose along the  center 
l i n e  of the planform. 
The spanwise var ia t ion of Stanton number i s  not shown, but, i n  general, 
the  d is t r ibu t ion  across the span w a s  f a i r ly  constant with a s l i g h t  
increase near  the edges. 
Laminar-flow conditions existed i n  these tests. 
Simple analysis based on cross-flow theory, and ignoring the  three- 
dimensional nature of the flow, would predict  t h a t  the Stanton number 
would vary inversely as the  square root  of the width of the planform. 
The experimental data  f o r  90° angle of a t tack  show a much smaller var- 
i a t ion  than t h a t  predicted by t h i s  type of theory. 
of attack, f o r  which, as shown previously, the stagnation region moves 
rapidly t o  the nose, the var ia t ion along the center l i n e  i s  l e s s  than 
predicted by this  theory. A s  a r e su l t ,  t he  heating i n  the  c r i t i c a l  
region near t he  nose i s  reduced. More de ta i led  calculat ions of t he  heat 
t ransfer  a t  an angle of a t tack  of 90°, based on the three-dimensional 
flow theory presented previously, have not yet  been made, but good agree- 
ment with experiment, Jn the case of laminar flow, would be expected 
because of the agreement i n  predicting the  flow pattern.  Predictions 
a t  lower angles of a t tack a re  not possible u n t i l  a su i t ab le  flow theory 
i s  developed. 
Even a t  lower angles 
Controls 
Control of e i t h e r  a winged- o r  capsule-type vehicle i n  the high 
angle-of-attack range may be accomplished by means of vane-type controls  
hinged along the edges of the vehicle, which may be deflected t o  s h i f t  
t he  centroid of area of the vehicle. Such controls may have their  hinge 
l i n e s  located on the upper surface of t he  wing and set back from t h e  
edge t o  protect them from excessive aerodynamic heating. 
t i ons  f o r  such controls a r e  i l l u s t r a t e d  by the delta-wing configuration 
' , ,  
Typical loca- 
- *  
7 
i n  the upper left-hand corner of f igure  8. In  order t o  produce control 
about a l l  three axes, the controls may be deflected i n  cer ta in  combina- 
t ions.  
may be deflected d i f f e ren t i a l ly  t o  produce ro l l ing  moments. 
pa i r  may be deflected d i f f e ren t i a l ly  t o  produce primarily yawing moments. 
Note that the yawing-moment requirements a re  small since the vehicle has 
no restor ing moment i n  yaw i n  the high angle-of-attack range. 
pitching moments may be produced by deflecting the f ront  control alone 
or  by d i f f e r e n t i a l  def lect ion of the front and rear  controls. 
available on the e f fec t  of control surfaces projecting from the edges 
of delta-wing configurations, capsules, and c i rcu lar  p l a t e s  are  indicated 
i n  the p lo t s  i n  f igure  8. For controls deflected normal t o  the airflow, 
a correlat ion has been made showing the moment coeff ic ient  predicted on 
the  basis of the s h i f t  of centroid of area a s  compared with tha t  measured 
experimentally. A s  indicated by t h i s  curve these r e s u l t s  are  i n  good 
agreement. The var ia t ion of control effectiveness with control deflec- 
t i o n  has a lso been predicted by use of Newtonian flow concepts. 
var ia t ion  of control effectiveness with def lect ion fo r  two controls 
i s  shown on the right-hand side of t h i s  f igure.  The r e s u l t s  again indi-  
t r o l s  produce l i t t l e  moment u n t i l  they a re  deflected about 30' from the 
shows a consistent and f a i r l y  l inear  variation. 
For example, the rear  pa i r  of controls on a delta-wing vehicle 
The f ront  
The 
The data  
The 
m 
I cate  good prediction of the control effectiveness. Note that the con- 
e flow direction. Beyond t h i s  point, however, the control  effectiveness 
Aerodynamic Damping 
Aerodynamic damping of vehicles a t  angles of a t tack approaching 90' 
may be e i t h e r  s t ab i l i z ing  o r  destabil izing and i s  small i n  magnitude. 
I n s t a b i l i t y  of longitudinal or l a t e r a l  o sc i l l a t ions  under conditions of 
constant dynamic pressure r e s u l t s  from the  negative l i f t -curve slope. 
On t h i s  i n s t a b i l i t y  i s  superimposed the wel l  known tendency f o r  the 
amplitude of o sc i l l a t ions  t o  decrease i n  the region of increasing dynamic 
pressure and then t o  diverge i n  the region of decreasing dynamic pressure 
subsequent t o  the point of peak deceleration. Figure 9 shows t h i s  ampli- 
tude var ia t ion  as a function of a l t i tude during the entry.  These r e s u l t s  
were obtained from the theore t ica i  anaiysis of referexice 16. This fig&-€ 
i s  f o r  an uncontrolled vehicle, and the so l id  l i n e  represents the case 
with a value of C of -1.27 per radian and zero aerodynamic damping. 
The two addi t ional  curves indicate the e f f ec t  of a more negative value 
of C b  and a l so  of destabi l iz ing C;n . Note t h a t  i n  the higher a l t i -  
tude range the aerodynamic characier is t ics  have negligible e f f ec t  and 
t h a t  the decrease i n  amplitude resu l t s  so le ly  from the increasing dynamic 
pressure. After the  point of peak dynamic pressure the aerodynamic 
damping of an uncontrolled vehicle has a large e f f ec t  on the amplitudes 
subsequently reached. The change i n  amplitude per cycle, however, even 
L, 
q 
8 
f o r  these rapid divergences, i s  r e l a t ive ly  small. For example, the 
maximum change i n  amplitude per cycle i n  the worst case shown i s  only 
about 5 percent. 
required t o  s t ab i l i ze  the motion. SFmulator s tudies  of reference 4 
have shown that t h i s  a r t i f i c i a l  damping i s  extremely desirable  from the  
pilot 's standpoint and, therefore,  would probably be provided i n  any 
manned vehicle. 
osc i l la t ions  i s  possible provided the period i s  suf f ic ien t ly  long. 
Thus, only a s m a l l  amount of a r t i f i c i a l  damping i s  
In the absence of such damping, manual control  of the 
CONCLUDING REMARKS 
From 
i s t i c s  of 
depend on 
the data  presented, it appears t h a t  the aerodynamic character- 
configurations at  angles of a t tack approaching 90°, which 
pressure forces on the f ront  face, are  predictable and rela-  
t i v e l y  independent of Mach number i n  the range from zero t o  the highest 
Mach number f o r  which t e s t  data  are  available.  The s t a t i c  s t a b i l i t y  
character is t ics  a re  good and control effectiveness of vane-type controls 
i s  l inear and predictable. Lack of aerodynamic damping makes the pro- 
vis ion of s t a b i l i t y  augmentation necessary. The three-dimensional nature 
of the flow makes accurate prediction of flow f i e l d s  and heat t r ans fe r  
d i f f i c u l t  . Experimental da ta  are available,  however, which provide a 
reasonably accurate bas i s  f o r  design. Although most of the available 
da ta  are confined t o  the range below a Mach number of 4, the  lack  of 
dependence of the r e s u l t s  on Reynolds number or  on boundary-layer e f f ec t s  
allows prediction of hypersonic charac te r i s t ics  with considerable 
confidence . 
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